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T he conventional drug development process is expensive and time-consuming, and despite large investments in research and development activities, the success rate of bringing a new drug to the market is low. the most prominent target class is that of g-protein-coupled receptors (gpcrs), which cover about 60%-70% of recently developed drugs. 1 upon modulation by extracellular ligands, these cell surface receptors mediate the transduction of extracellular stimuli into intracellular signals. the hydrophobic core composed of seventransmembrane α-helices (7tm) is common to all gpcrs. 2 this large class comprises approximately 800 different receptors that are grouped in three families (classes a, B, and c).
in general, the generation of cell lines stably expressing a transgene requires transduction of the host cell line and subsequent integration of the expression cassette into the host cell genome. this leads to a random distribution of integration sites. 3 it is a fact that most genomic loci do not support high or consistent transgene expression. Both the level and stability of transgene expression are strongly dependent on the genomic surroundings of the integration sites. this "position effect" renders the generation of stable cell lines a cumbersome and often lengthy task involving extensive screening to identify those cell clones that display the desired properties. 4 the recombinase-mediated cassette exchange (rmce) strategy was introduced to overcome this limitation of cell line engineering (for review, see Wirth et al. 5 ). rmce can be best described as a two-step molecular "cut-and-paste" mechanism. 6 in the first step, a reporter gene cassette is randomly integrated into a host cell line of interest. the expression of the reporter gene serves as a marker that permits screening for the desired expression characteristics (e.g., high and stable expression). once isolated and confirmed, those "tagged" clones function as master cell lines. a prerequisite for the use of such a master cell line is a single-copy integration of the tagging cassette. With the help of dna recombinases such as the cre, [7] [8] [9] the Flp recombinase, [10] [11] [12] or the phic31 integrase 13, 14 the tagged genomic loci of the master cell lines can be recycled by the integration of any gene of interest. Because the recombinase-driven cassette exchange itself is a highly sitespecific event, all positive expression characteristics of the master cell line are transferred to the resulting subclonal producers.
the aim of the study presented here is to employ the rmce strategy for the establishment of gpcr-expressing cell lines. the main application area of these cell lines is the drug discovery process. therefore, the cell lines should meet the following requirements: (1) consistent expression, (2) stable expression without a need of persistent use of selection agents, and (3) sufficient expression of the receptors to monitor pharmacological responses. the most significant feature of the approach described here is that the gpcr-expressing cell lines should be rapidly established (within 2-4 weeks) while still showing the above-mentioned properties.
the rmce strategy has been proven useful for the flexible generation of various production cell lines expressing, for example, antibodies or retroviral vectors. although the principle itself can be adapted to virtually any desired gene, it has become clear that there can be no universal master cell line. this is because the expression characteristics of a cell line are mainly influenced by the position effect, the design of the expression cassette, and last but not least the transgene itself. 15 in approaches described previously, cytosolic reporters (green fluorescent protein [gFp], lacZ) were used for the establishment of the master cell lines. 11, 12 the present study follows the hypothesis that a master cell line established through expression of a protein that recapitulates the complex maturation process of a gpcr is better suited to stably and consistently express the gpcr of choice. therefore, novel chinese hamster ovary (cho) master cell lines have been generated dedicated for gpcr expression. the key features of these master cell lines are (1) the selection for stable expression of membrane-bound proteins and (2) a highly efficient targeting process that ensures site-specific cassette exchange in a significant number of master cells. the rmce process used was extremely precise with 100% positive recombination events in the selected clones. 11,12 however, previously described master cell lines gave rise to few recombined clones, making rmce a rare event. improvement in the frequency of the rmce process would lead to more clones. in addition, because of their isogenic nature, the clones can be pooled, enabling a further shortening of the time needed for establishment of a stable line from 4 to 2 weeks.
mAtErIALS And mEthodS

Plasmids
the vector for tagging chromosomal sites harbors a truncated version of the nerve growth factor receptor (ngFr). this gene mutant acts as a reporter gene and therefore lacks the internal domain of the ngFr to avoid any signaling from this receptor. in addition, the tagging vector harbors the selection marker hygromycin phosphotransferase, thymidine kinase whose expression is mediated by a poliovirus internal ribosomal entry site (ires). Both genes are driven by an sv40 promoter. the cassette is flanked by a wild-type Frt site and F5 spacer mutant Frt site, 16 followed by an atg-deficient neomycin phosphotransferase gene (neor). all rmce cassettes coding for the gpcrs of interest are also driven by a sv40 promoter and are flanked by Frt wildtype and the F5 Frt mutant sites. the vectors carry an ires element and an atg start codon upstream of the Frt F5 mutant site to complement the inactive neor gene upon successful rmce process. a successful rmce process was verified by a pcr employing primers cgtcaagaaggcgata gaaggc (neorev) and ccatgggacgctagttgtgaa (polio1), which bind in the atg-deficient neomycin (from the master cell line) and in the ires from the targeting plasmid, respectively. For monitoring the modulation of the gpcrs, the reporter construct pgl4.29 (promega, madison, Wi) was used. pgl4.29 harbors a hybrid promoter composed of a minimal promoter with cre binding elements and drives the expression of the reporter gene luciferase.
Mammalian cell culture and transfection
cho-K1 cells (ecacc, salisbury, uK) were cultivated at 37 °c in a humidified atmosphere with 5% co 2 in ham-F12 medium (giBco, carlsbad, ca) containing 10% fetal calf serum and 8 mm l-glutamine. For transduction of the cho-K1 cells, the respective vectors were electroporated using a standard protocol (amaxa ag, cologne, germany; nucleofector Kit v). For the tagging procedure, 1 × 10 6 cells were transfected with the ngFr expression plasmid. the transduced cells were selected with medium supplemented with hygromycin B (150 u/ml). the rmce process in the cho-K1 master cell line was facilitated by a co-transfer of Flp recombinaseexpressing vector and the targeting plasmid. 17 For the reporter assays, the pgl4.29 was electroporated into the respective gpcr-expressing cell lines and as a control also into the master cell line. cryopreserved "assay-ready" reagent for high-throughput analysis was prepared in multilayer bioreactors (corning cellstack; corning, inc., corning, nY). cryopreservation was carried out using rate-controlled freezer (planer, sunbury-on-thames, middlesex, uK).
Cellular analysis
Facscalibur and Facsvantage se (Becton dickinson, Franklin lakes, nJ) were used for flow cytometry analysis and cell isolation. the analysis and sorting of the ngFr-expressing cells was done as previously described. 18 Briefly, the transduced cells were incubated for 30 min with a primary mouse monoclonal antibody against ngFr (Becton dickinson) at room temperature. afterwards, the cells were washed twice with phosphate-buffered saline (pBs) supplemented with 2% fetal bovine serum (pBs*). as a secondary antibody, an antimouse pe-conjugated antibody (Jackson immunoresearch laboratories, West grove, pa) was used (30 min at room temperature). afterwards the cells were washed with pBs*, stained with propidium iodide (50 µg/ml) to exclude dead cells from the analysis, and then analyzed by flow cytometry. For the analysis of the adrB2-expressing cells, a fluorescently labeled ligand specific for adrB2 (cellaura, nottingham, uK) was used. the cells were incubated with the ligand (0.4 nm) at room temperature for 5 min. afterwards, the cells were washed with pBs* and analyzed by flow cytometry or by immunofluorescence. all chemicals used in this study were purchased from sigma-aldrich (st. louis, mo) unless otherwise stated. For determination of the reporter plasmid activity, a luciferase assay was performed as detailed in nehlsen et al. 19 Briefly, cell lysates were created by repeated freeze-thaw cycles. an aliquot of the protein lysate was mixed with reaction buffer (25 mm glycylglycine, 15 mm mgso 4 , 1 mm adenosine triphosphate [atp], ph 7.8) and luciferin (promega). the resulting luciferase activity was measured in a luminometer (lumat lB9507; Berthold, Bad Wildbad, germany) and corrected for protein content (rlu/µg protein).
High-throughput analysis
the analysis of the pharmacological characteristics of the muscarinic m 3 receptor cell line was performed using the Flipr tetra system (molecular devices, Wokingham, Berkshire, uK). cells in continual culture were plated into corning cellBind black/clear base 384-well plates at 10 000 cells/well in 50 µl ham F-12, left on the bench for 60 min at room temperature, and then grown overnight at 37 °c, 95% humidity, and 5% co 2 . dye loading buffer was prepared by dissolving the contents of one vial of Flipr calcium 5 reagent completely with a final volume of 20 ml hank's balanced salt solution, 20 mm hepes, and 2.5 mm probenecid adjusted to ph 7.4. cell plates were removed from the incubator, growth media were removed, and 50 µl dye loading buffer was added to each well. dye-loaded plates were incubated for 45 min at 37 °c, 5% co 2 and allowed to cool to room temperature for 15 min prior to reading on the Flipr tetra system (ex: 470-495 nm; em: 515-575 nm). plates were not washed after dye loading. compounds were added as 12.5 µl of a 5× ligand stock. For ic 50 determinations, an ec 80 concentration of acetylcholine was used as the standard agonist. data analysis was performed using graphpad prism (graphpad software, la Jolla, ca) software. the data were normalized as percent change over baseline.
rESuLtS
Development of GPCR-optimized master cell lines
Following the hypothesis that the reporter protein for the tagging step should reflect the properties of the later protein of interest, a novel tagging cassette was constructed coding for the membrane-bound ngFr.
the tagging cassette was electroporated into cho cells, and after a selection period of 14 days, the cells were analyzed and the highest yielding 10% of ngFr-expressing cells was cloned by flow cytometry ( fig. 1) . in total, 219 clones were cultivated for 4 weeks without selection pressure and then reanalyzed for ngFr expression. of these clones, approximately 10% (25 clones) displayed a stable and homogeneous ngFr expression (see fig. 1 for representative clone). subsequently, these clones were analyzed for "targetability" (ability to perform rmce) and long-term stability of ngFr expression (> 4 months without selection pressure). this resulted in the generation of two cell lines showing stable ngFr expression for 50 passages (more than 20 weeks). in a standard rmce procedure, these master cell lines typically gave rise to 200-300 clones, which were approximately a 10-fold higher efficiency than in previously published reports. 11, 12 thus, these cell lines meet the above-described requirements and can serve as novel master cell lines (screenflex-gr1 and screenflex-gr2). For the subsequent experiments, screenflex-gr1 was used.
Establishment of various GPCR-expressing cell lines
For the generation of the gpcr-expressing cell lines, targeting vectors were cloned that allow site-specific integration into the ngFr-tagged locus of screenflex-gr1 ( fig. 2A) . Flowchart describing the process for generating the novel master cell line optimized for the expression of membrane-bound proteins. cho-K1 cells were electroporated using a nerve growth factor receptor (ngFr) expression vector to tag genomic loci supporting high-level expression of a membrane-bound protein. after transduction, cells were selected and single cells were sorted. the resulting clones were expanded for 4 weeks without selection pressure and reanalyzed for ngFr expression. the ngFr-positive clones were assessed for their capability to perform the recombinase-mediated cassette exchange (rmce) process and for long-term stability (>4 months) of the ngFr expression. gpcr, g-protein-coupled receptor. the cdnas of 13 different gpcrs were cloned into this targeting vector (table 1) and used for rmce experiments. after electroporation of both a flipase encoding vector and a targeting vector, selection with g418 was applied to screen for those cell clones that complemented the defective neomycin. For all gpcr targeting experiments performed, neomycinresistant colonies were obtained within 7-10 days of selection. clones of g418 resistant cells were randomly picked and expanded. the average time required to expand the gpcrexpressing cells (expansion to 5 mio. cells) was within 4 weeks. g418-resistant colonies were pooled to obtain a mixture of gpcr-expressing cells. Both pools and clones were analyzed by pcr for correct cassette exchange. the expected band (1 kb) was detected for both clones and pool in all established gpcr cell lines (representative data shown for adrB2 targetings in fig. 2A) .
Expression of the β2-adrenergic receptor
the expression of the β2-adrenergic receptor (adrB2) shows, as an example, the performance of the above-described procedure. adBr2 is a prototypic and well-characterized member of the gpcr family, which falls into the class of adrenoreceptors with adrenaline being the natural ligand. 20 in parallel to the rmce approach, recombinant adBr2expressing cell lines were generated by co-transfection of the adBr2 expression plasmid and a selection plasmid into cho-K1 wild-type cells. after selection, 18 clones were randomly picked and expanded for further analysis.
to compare the expression of the adrB2 receptor of the targeted pool, targeted subclones, and randomly integrated clones, a fluorescent ligand was used that specifically recognizes adBr2 receptor. the docking of the ligand was followed by fluorescence microscopy (fig. 3A) as well as flow cytometry (fig. 3b) . the analysis demonstrated that the cell clones and the pool derived by rmce were composed of 100% adBr2expressing cells, showing a homogeneous expression pattern of the gpcr. this is in line with the genetic analysis showing isogenicity of the targeted subclones. therefore, the generated pools can be considered "pure clones." this result is important as a pooling step could lead to heterogeneously expressing cell lines, which could complicate the analysis of further tests. the cells generated by random integration were also analyzed with the fluorescent ligand using flow cytometry. this , which flank the nerve growth factor receptor (ngFr) expression cassette. the site is followed by an atg-deficient neomycin phosphotransferase (Δneo) gene. therefore, the chinese hamster ovary (cho) master cell lines are g418 sensitive. the integration of the g-protein-coupled receptor (gpcr) of interest is facilitated by co-transfection of the flipase along with the gpcr-expressing targeting vector carrying corresponding Frt sites. the flipase cuts out the ngFr expression construct and at the same time pastes in the gpcr expression construct. clones that underwent the correct rmce process are selected with g418 as the neomycin resistance gene is complemented by the rmce process. For this purpose, an atg-start codon was cloned upstream of the F5 Frt site in such a way that it comes in frame with Δneo upon cassette exchange. (b) scheme of the pcr detecting correct rmce. For this purpose, primers were used that bind in the genomic locus and within in the incoming gpcr targeting cassette. a representative pcr of generated adrB2 cell lines is shown. ires, internal ribosomal entry site. analysis showed a different picture if compared to the rmce approach. the 18 individual clones could be divided into three different categories concerning their expression characteristics: (1) 3 clones that expressed adBr2 homogeneously, (2) 4 clones that showed a mixed expression of adBr2, and (3) 11 clones that expressed no or only low amounts of adBr2 ( fig.  3c) . this suggests that for the generation of recombinant cell lines by random integration, a time-consuming screen for those cells that express the transgene in the desired fashion is required.
Functional characterization of targeted GPCR cell lines
cell lines generated by rmce were further analyzed to determine if they follow typical pharmacological responses after challenge with corresponding ligands. For this analysis, the adrB2 cell line (see above) and also a screenflex-gr1based cell line expressing the human glucagon receptor (gcgr) were included (table 1). the main downstream activity of both gpcrs is primarily coupled to the gs pathway, leading to the stimulation of adenylyl cyclase activity. 21 therefore, the established cell lines were investigated to determine if there was an increase in the production of camp upon stimulation. For this purpose, a reporter construct was used in which luciferase expression is driven by a promoter that harbors camp-responsive element-binding protein (creB) binding sites ( fig. 4) . creB is a downstream effector of camp, and therefore any change of camp level is indirectly measured. this expression construct was stably integrated in the established adrB2 and glucagon receptor-expressing cell lines (clones and pool). these cells were then treated respectively with either isoprenaline, a known inducer of adrB2, or glucagon. Both receptor cell lines exhibited a strong increase in luciferase expression upon induction with their ligands ( fig. 4) .
High-throughput screening compatibility of the cell lines established by RMCE
the identification of novel modulators of gpcrs is a major task of current drug discovery programs; for this purpose, large compound libraries are typically screened in a high-throughput fashion. to achieve this in an acceptable timeframe, the corresponding assays are performed in a 384-or 1536-well format. therefore, one of the prerequisites of a gpcr-expressing cell line is the demonstration of the correct and consistent pharmacological response profile. in a pilot study, a human muscarinic receptor 3 (chrm3) cell line was generated with the rmce approach (table 1) and assayed in a 384-well format using a Flipr tetra system. in a series of experiments, four known muscarinic agonists (acetylcholine, oxotremorine m, carbachol, and bethanechol) and three known antagonists (ipratroprium, p-F-hhsid m, pirenzipine) were used to characterize the cell line ( fig. 5A,b) . the assay is based on an increase of cytosolic ca 2+ ions upon induction with specific ligands (due to gq protein coupling of the respective receptor). the increase of fluorescence signal due to the binding of calcium to a calciumsensitive dye (Flipr calcium 5 assay) served as a readout. the different compounds produced the expected pharmacological response profiles ( fig. 5A,b) , and the rank order of potency is the same for the agonists and antagonist as compared to those described in the iuphar database (tables 2  and 3) . the values measured for the agonists differ slightly from those described in iuphar. this is possibly because the iuphar values describe affinity binding estimates, whereas the pec 50 data presented here are based on functional response. What is significant, however, is that the hierarchy of potency is the same as described in iuphar. the antagonist data, on the other hand, are equivalent to those in the iuphar database (tables 2 and 3) . dIScuSSIon in the present study, the generation of novel master cell lines was verified, specifically designed for the expression of membrane-bound proteins. For this purpose, ngFr was used to screen for chromosomal integration sites that support a stable and appropriate expression of membrane-spanning proteins. the implementation of the recombinase-based cassette exchange principle allowed the reuse of such master cell lines (tagged loci). Because no laborious testing for proper expression features was necessary, all cell lines were able to be generated in parallel. this was validated by rapidly establishing 13 different gpcr-expressing cell lines with the help of the novel master cell line screenflex-gr1 (table 1) . all cell lines were generated in a timeframe of 2 to 4 weeks; this was possible because of the high number of rmce events. the exchange of the ngFr reporter gene in the master cell line to the respective gpcr is 100% efficient, which is in accordance with previous studies. 11, 12 in addition, the approach of the development of novel master cell lines ensured that the rmce event occurs frequently. it was demonstrated that the number of correct targeting events is up to 10-fold higher than in previously established master cell lines. this allowed us to further reduce the time for rmce-based cell line development down to 2 weeks, as described by schucht et al. 11 For site-specific integration, other strategies also have been employed. among them, for example, are the Flp-in system and Jump-in system (both from invitrogen, carlsbad, ca) and meganuclease-based approaches (cgps system from cellectis, romainville, France); for review, see Wirth et al. 5 these technologies enable the site-specific integration of the desired gene expression cassette into the genome of a previously tagged host cell line (the respective master cell line). recently, the Jump-in as well as the meganuclease approach has been successfully used for the establishment of hts-compatible cell lines. 14, 22 all these systems differ significantly from the rmce approach presented here. in contrast to the cut-and-paste mechanism performed by the rmce, the other systems (Flp-in, Jump-in, meganuclease) are best described as "paste" steps into chromosomal sites that were previously tagged by a first tagging vector. this pasting leads to the integration of two expression cassettes into the same genomic locus-the one used for the establishment of the master cell line (tagging cassette) and the one carrying the gene of interest. such configurations of the expression units are prone to interferences (for review, see gill et al. 23 ). For example, promoter interferences can arise when two transcription starts are in close proximity to each other. these promoter interferences can lead to an unpredicted expression to the point that the expression of the gene of interest is completely abolished. 11 Furthermore, this leads to the integration of vector backbone sequences that are cpg rich and thus have been shown to silence gene expression.
indeed, it was shown that upon Flp-in-mediated transgene integration, the expression of the respective transgene was negatively influenced. 24 this report demonstrated that cell clones established with the Flp-in system display a high degree of variance despite their isogenicity. the authors found in isogenic clones different expression patterns ranging from homogeneous to mosaic or even silenced expression of the transgene. the rmce approach circumvents these problems as it is a molecular cut-and-paste mechanism. For the establishment of the master cell line, an expression cassette is employed that facilitates the tagging of a suitable genomic locus. in this study, a construct was used that expresses ngFr. this tagging cassette is completely removed when the desired expression construct is pasted in. thereby, rmce excludes phenomena as the mentioned promoter interference. apart from this, the benefit of the approach described here is that the master cell line was specifically developed for the expression of transmembrane proteins. to enable robust screening campaigns or to facilitate purification of gpcrs (e.g., for crystallization studies), it is advantageous to use recombinant expression. recombinant expression of gpcrs has been accomplished in all major expression systems ranging from Escherichia coli, yeast, and insect to mammalian cells. 25 in bacteria such as E. coli, overexpression of gpcrs often results in the accumulation of the receptor in inclusion bodies and is hampered by the lack of posttranslational modification. 26 Yeast provides a eukaryotic environment and ease of handling while still leading to highlevel expression of the recombinant protein. however, mammalian cells are most likely to preserve structural and functional integrity when expressing mammalian proteins and are therefore the expression system of choice for drug development campaigns. importantly, all recombinant cell lines presented here are stable in their expression characteristics and support drug screening efforts.
one major bottleneck in research is that gpcrs are difficult to express in mammalian cells. strategies to solve this obstacle include optimization of codon usage [27] [28] [29] or inducible expression of the respective receptors. 28, 30 here it is shown that this limitation can be overcome by rmce. With this approach, genomic loci are identified (and reused) that favor the expression of the recombinant gene.
the overexpression of transmembrane-spanning proteins such as gpcrs depends on a complex maturation process within the host cell, and this is known as a rate-limiting step to obtaining appropriate cell lines. 31, 32 the correct folding and posttranslational modification leads to stress, which counterselects for nonexpressing cells. on the other hand, a few cells among a bulk of transduced cells are capable of performing high and stable expression. to specifically screen for those cells, the hypothesis was followed that expression is depending on the integration site or, in other words, that certain chromosomal regions support the expression of certain classes of proteins. to establish gpcr-expressing cell lines, we decided to use a receptor (ngFr) to screen for correct tagging sites. the results presented here demonstrate the validity of the hypothesis as the established gpcr-expressing cell lines did indeed show a robust and reliable expression pattern.
Beside gpcrs, other drug targets have become of high interest in the field of drug discovery-most important, ion channels and protein kinases. the current work and previous published approaches have shown that the rmce strategy is flexible and can be adapted to various cells (of diverse origins) but also to various protein classes. especially with respect to drug discovery, it is worth including the promising drug target classes of ion channels and kinases into rmce-based cell line establishment efforts.
Furthermore, it has been shown that oligomeric proteins can be expressed from one targeted locus upon single-step integration. 11, 33 such an approach would suggest that also two different protein classes can be introduced at the same time-for example, the drug target and a specific reporter for monitoring the compound-induced target modulation.
in the field of gpcr research, other options are also imaginable. For example, to study heterodimerization, two different gpcrs can be integrated simultaneously into the same genomic locus, which should facilitate the expression of similar levels of both gpcrs. alternatively, the desired gpcr could be potentially coupled to different arrestins or to different g-proteins to investigate the differential effects of these downstream effectors. in addition to the expression of heterologous proteins, the authors have used the rmce strategy to integrate sirnas to knock down the expression of cyclind and reporter genes (unpublished data). the use of sirnas can be used in this context to specifically knock down the expression of downstream factors of in/activated drug targets and to validate novel drug targets. such approaches would maximize the potential of rmce to become a flexible tool for the establishment of cell lines for drug discovery.
